Elliptical Machine DC-DC Converter for the Energy Harvesting From Exercise Machines Project by Hollister, Greg
Elliptical Machine DC-DC Converter
for the
Energy Harvesting from Exercise Machines Project
by
Greg Hollister
5/21/2011
ELECTRICAL ENGINEERING DEPARTMENT
California Polytechnic State University
San Luis Obispo
1 of 39
Table of Contents
Acknowledgments……………………………………………………………………….……………5
Abstract…………………………………………………………………………………….…………...6
Introduction………………………………………………………………………………….…………7
Specifications………………………………………………………………………………….……….7
Project Goals and Motivation……………………………………………………………….……….8
ABET Senior Project Analysis…………………………………………………………….…………9
Economic……………………………………………………………………….……………….9
Environmental…………………………………………………………….…………………..10
Sustainability……………………………………………………………….…………………10
Manufacturability……………………………………………………….……………………11
Ethical…………………………………………………………………….……………………11
Health and Safety……………………………………………………….……………………11
Social and Political…………………………………………………….……………………...12
Schedule………………………………………………………………………………………………13
Design…………………………………………………………………………………………………14
Overall System Block Diagram……………………………………………………………...15
Converter Block Diagram……………………………………………………………………15
Design Schematics (see Appendices A and B)
Auxiliary Supply……………………………………………………………..………………16
Power Stage…………………………………………………………………………………...17
Control and Feedback………………………………………………………………………..18
Current Limit…………………………………………………………………………………20
Printed Circuit Board………………………………………………………………………...21
Design Modifications……………………………………………………….………………………22
Converter Standalone Tests……………………………………………..…...…………………….25
System Integration………………………….……………………………………………………….26
Conclusions and Recommendations for Future Projects ……………………………………..31
References……………………………………………………………………………….……………32
Appendix A: Original Schematic………………………………………………………………….33
Appendix B: Final Schematic………………………………………………………………………35
Appendix C: Bill of Materials……………………………………………………………….……..37
2 of 39
List of Figures
Figure 1: Schedule……………………………………………………………………………………13
Figure 2: Overall Block Diagram……………………………………………………………….…...15
Figure 3: Converter Block Diagram………………………………………………………………...15
Figure 4: Auxiliary Supply…………………………………………………………………………..16
Figure 5: Power Stage………………………………………………………………………………...17
Figure 6: Output Voltage Ripple Simulation showing 135mVpp Ripple at Full Load………...17
Figure 7: Control Circuit…………………………………………………………………………..…19
Figure 8: Feedback Circuit…………………………………………………………………………...19
Figure 9: Current Limit Circuit……………………………………………………………………...20
Figure 10:Multiplier Output vs. Input Voltage Showing a Parabolic Relationship…..……….20
Figure 11: Printed Circuit Board Top Layer………………………………………………………..21
Figure 12: Printed Circuit Board Bottom Layer……………………………………………………21
Figure 13: Photograph of Converter………………………………………………………………...22
Figure 14: Initial Bode Plot Measurements……………………………………………………...…23
Figure 15: Bode Plot of Final Control Loop Configuration at Full Load………………………..23
Figure 16: Analog Multiplier Output Voltage vs. Converter Input Voltage……………………24
Figure 17:Maximum Output Current vs. Input Voltage…………………………………………25
Figure 18: Efficiency vs. Output Current with 45V Input Voltage………………………………25
Figure 19: Photograph of System Level Testing…………………………………………………..26
Figure 20: Output Current vs. Input Voltage when powered by the elliptical machine……...28
Figure 21: Photograph of Full System Test Setup…………………….…………………………...30
3 of 39
List of Tables
Table I: Part Costs and Labor Hours Estimates………………………………………….……….9
Table II: System Data With the Converter Powering the Resistor Coils……………….……..28
Table III:  Full System Measurements……………………………………………………………29
Table IV: Bill of Materials………………………………………………………………………….38
4 of 39
Acknowledgments
I would like to thank the following people for their help and support:
Professor David Braun for advising me on this project and providing me with guidance
towards my educational goals.
Fellow students Alvin Hilario, Martin Kou, and Nick Lovgren for helping me with my project
and providing me with insight they have learned from their Master’s Thesis projects.
Brian Coates and Bryan Kellogg for their support and guidance throughout my education.
Morris Dout for helping me with the layout of a printed circuit board.
Mike Fariba of U. S. Circuit, Inc. for providing me with a professionally manufactured
printed circuit board.
All of the previous Senior Project and Master’s Thesis students who have worked on the
EHFEM project.
5 of 39
Abstract
Designing a DC/DC Converter for the Cal Poly Energy Harvesting from Exercise Machines
project requires special attention to the unique operating characteristics of the source and the
load.  An elliptical machine powered by a person exercising comprises the source, while an
AC Inverter makes up the load.  This project attempts to integrate the two devices with a
custom DC/DC Converter in order to ultimately deliver power back into the power grid.
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Introduction
The DC/DC Converter (referred to as the Converter) will replace an existing commercial
DC/DC Converter in the Elliptical Machine Energy Harvesting from Exercise Machines
(EHFEM) Project. The EHFEM project seeks to draw energy out of exercise machines that
normally gets dissipated as heat.  The project aims to get the Cal Poly Recreation Center
powered from students working out on exercise machines rather than receive power from the
power grid.  Past student projects have already converted an elliptical machine (a Precor
model EFX 546i) to generate DC power and to deliver AC power back into the power grid
with a commercial solar energy inverter. [1] A DC/DC Converter needs to interface between
the variable DC power output from the elliptical machine and the inverter in order to provide
a stable DC input voltage to the inverter.  The commercial Converter did not fully meet the
requirements of the system, so the project requires a custom Converter design.
Since the elliptical machine design dissipates power through a resistor, the input impedance
of the DC/DC Converter should attempt to match the voltage and current characteristics of a
resistor.  The Enphase Microinverter used in the system likely attempts to extract maximum
power out of a solar cell.  The maximum power output from a solar cell lies at the “knee” of
the output current vs. voltage relationship.  The DC/DC Converter should employ an over
current protection (OCP) circuit to limit the output power of the Converter in a way similar to
the output characteristics of a solar cell.
Specifications
1. The steady state input voltage range for the DC/DC Converter shall be 9V to 45V.
2. The DC/DC Converter shall accept transient input voltages from 0V to 70V without
damage.
3. The output voltage initial set point of the DC/DC Converter shall be 36V +/- 3%.
4. The DC/DC Converter shall incorporate Over Current Protection to limit output
power to 240W maximum.
5. Output Current.
a. The DC/DC Converter shall output at least .23A +/- 10% with an input voltage
of 9V.
b. The DC/DC Converter shall output at least 1.1A +/- 10% with an input voltage
of 20V.
c. The DC/DC Converter shall output at least 2.5A +/- 10% with an input voltage
of 30V.
d.    The DC/DC Converter shall output at least 5.6A +/- 10% with an input voltage
of 45V.
6. The DC/DC Converter shall mount within a 6.75” x 3.25” x 2.5” volume.
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Project Goals and Motivation
This project aims to design, build, and test a DC/DC Converter that will function in the
Elliptical Machine EHFEM sustainable energy project.  The overall system aspires to replace
the exercise machines in the Cal Poly Recreation Center with modified machines that can
harvest energy from users and deliver that energy as electric power back into the power grid.
The Elliptical Machine Project seeks to harvest energy by replacing the resistive load used to
provide mechanical resistance to the user with a DC/DC Converter and an AC inverter to
deliver power generated during exercise into the electrical power grid.  Previous student
projects have successfully modified the Elliptical Machine to deliver power back into the
power grid, however the commercial Converter used in the system was unsuccessful in
meeting expected performance.  Commercial Converter designs on the market do not meet
the specific requirements of the Elliptical Machine Project.  The custom Converter design
from this project will attempt to fully perform in the Elliptical Machine system.
Sustainable energy conversion represents an interest in the future of society.  Rather than
dissipate the energy created by a person exercising as heat, this project harvests that energy
and uses it as electric power.  Sustainable energy projects such as this strive to reduce
society's dependence on natural resources.  This project represents a small effort in
sustainable energy conversion, but it promotes sustainable practices for the university.
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ABET Senior Project Analysis
Economic
The EHFEM project has the potential to pay for itself in the future.  Generating energy from
exercise machines provides free power for use in the recreation center.  Eventually, the cost
savings from using less power delivered from Pacific Gas and Electric may offset the costs of
the modified exercise machine.  The modified machine may require periodic maintenance to
the additional electronic components which will add to the total operating cost of the
machine. The custom design of the DC/DC Converter provides potential cost savings over a
commercial DC/DC Converter as the custom design will only incorporate features in order to
operate in the specific environment of the exercise machine, while commercial DC/DC
Converters include features and components to operate in a wide variety of environments.
Table I below shows estimates of part costs and labor hours.  See Appendix C for the final Bill
of Materials.
Table I, Part Costs and Labor Hours Estimates
Parts
Component(s) Est. Cost Est. Quantity Total Cost
PCB $15.00 1 $15.00
Resistors $0.10 20 $2.00
Capacitors $0.50 12 $6.00
ICs $2.00 6 $12.00
Power FETs $2.00 2 $4.00
Power Diodes $2.00 4 $8.00
Magnetics $3.00 3 $9.00
Total Cost Est. $56.00
Labor
Activity Hours
Initial Design 25
Prototype Build 8
Prototype Test 10
Results Analysis 5
Design Updates 8
Final Build 8
Acceptance Test 12
System Integration 20
Total Hours 96
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Environmental
Generation of electric power from sources such as fossil fuels creates pollution including 
carbon dioxide emissions.  Sustainable energy project such as the EHFEM project may help to 
directly reduce the amount of pollution emitted from these power plants.  As more power 
gets produced from non-polluting sources such as human energy, the amount of energy 
originating from fossil fuels may get reduced which should help with pollution levels. 
However, the manufacturing processes of these sustainable energy projects may involve 
processes that pollute the environment themselves.  There exists a tradeoff between polluting 
the environment in building these projects now and having lower emissions levels in the 
future.
Semiconductors used in electronic devices can contain toxic chemicals, and often require use 
of harmful chemicals to fabricate the devices.  Incidents have occurred in the past where 
chemicals used in semiconductor manufacturing that could cause cancer and birth defects 
have leaked out of storage drums and entered the water supply. [2] As industry continues to 
manufacture new devices, taking care not to pollute the environment should remain a 
priority.
Sustainability
The “Four E's” of sustainability analysis include Energy, Environment, Economics, and 
Equity:
● Energy – The complete system will deliver power back into the electrical grid  as a 
source of renewable energy, and not consume any energy from sources other than 
human power.  The upfront energy costs of the components of the system contribute 
the majority of the consumption of energy. 
● Environment – The project aims to reduce the impact to consumption of natural 
resources by providing a source of renewable energy.  Consumption of natural 
resources will occur during construction of the system, but eventually the energy 
produced by the machine will offset the energy consumed during the project build. 
Because the machine will reside in an already existing building, the project should 
have minimal impact to other species.
● Economics – The project represents a long term investment in monetary capital.  The 
long term monetary savings from lower power consumption in the building will offset 
the upfront costs of the modified Elliptical Machine.  The system should have no 
operating costs, and should have very little maintenance costs associated with its use.
● Equity – The students at Cal Poly should benefit the most from this project.  The lower 
energy consumption from the building will result in lower electricity costs for the 
university, and should result in lower fees for all students, not just those who utilize 
the Recreation Center.
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Manufacturability
The DC/DC Converter design will incorporate the concepts of Design for Manufacturability
(DFM).  This includes the use of surface mount components and a single printed circuit board
with all components mounted on one side of the board.  The design will try to keep the total
parts count to a minimum in order to save on the assembly costs.  Selection of standard
electronic components and off the shelf parts will keep part costs to a minimum.  Component
selection will involve choosing the smallest components rated for the electrical stress levels
encountered.  The only perceived custom part in the design includes the printed circuit
board.  Additionally, the design will intend to have compatibility with commercial
manufacturing processes such as pick-and-place automated assembly and re-flow soldering,
should future models get built.
Ethical
Many electronic parts come from areas of the world where the laborers do not have the same
human rights and freedoms as people do in “free” societies.  Many components get
manufactured in China, a country known for restricting liberties of its citizens.  The lack of
human rights in countries such as China may lead to reduced labor costs in manufacturing
plants.  Companies often have parts made in China because the lower labor costs lead to
increased financial profits.
Health and Safety
Because the DC/DC Converter will mount internal to the Elliptical Machine housing, it poses
no direct contact safety concerns with the user operating the exercise machine.  If the user
tampers with the Elliptical Machine housing, he or she could risk exposure to high currents.
A warning label to caution the user not to open the machine housing could help to deter the
user from tampering with the DC/DC Converter.  As some of the power generation
components mount external to the machine housing, a warning label and adequate
safeguards may help to improve user safety.  A person performing maintenance on the
machine should make sure power does not get generated and that he or she disconnects the
AC output of the Enphase Microinverter from the power grid before opening the housing.
Additionally, a safety interlock to hold the Elliptical Machine in place to prevent power
generation while performing maintenance could help reduce safety risks.  There always exists
risk of catastrophic electronic component failure causing fire, so the users should always
operate the machines in locations where fire extinguishers are easily accessed.
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Social and Political
Sustainable energy projects such as the EHFEM project aim to improve and maintain the
quality of life for society in the future.  Supply of natural resources will continue to dwindle
until society adopts sustainable practices into each aspect of life.  This project promotes one
aspect of sustainable efforts, and could provide a model to inspire others made aware of the
EHFEM project to look into creating sustainable energy projects from new ideas.  The goals of
the project aim to create a system that benefits all people involved with the use of the
Elliptical Machine.  People who exercise on the machine ideally will experience no disruption
in rider experience than from the use of a standard Elliptical Machine, and the University gets
the added benefit of receiving electric power from a renewable source.
Electronic devices such as DC/DC Converters require specialized components such as
Tantalum Capacitors.  Tantalum comes from the ore called coltan, a rare substance mostly
available in the African country Congo.  Conflict erupted in the Congo in the 1990’s and rebel
armies began smuggling Coltan out of the country.  Now that the rebels have left the country,
the reserves of coltan remain in the ground, and due to political instability in Congo, mining
of the substance does not occur, which leaves the people of the country without a valuable
natural resource they could benefit from. [3]
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Schedule
Figure 1 shows the schedule for the project.
Figure 1, Schedule
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Design
The Converter uses a Buck-Boost topology, chosen due to its simplicity over transformer-
isolated topologies and its ability to create an output voltage higher or lower in magnitude
than its input voltage.  Other topologies considered included the flyback and forward
topologies.  Both of these topologies provide transformer isolation which has benefits
including the ability to easily step up or step down the voltage level.  However, to meet the
required input and output voltage and current requirements of this project would require a
custom transformer.  Because the buck-boost topology does not require transformer isolation,
it enables the use of off-the-shelf inductors rather than custom transformers, which factored
mostly into the decision to choose the buck-boost topology.  To create an output that mimics
the operation of a solar cell, the design uses a current limit circuit that limits the output
current at a level proportional to the input voltage squared.  Because the elliptical machine
design outputs its voltage to 10-ohm resistor coils, the output power is proportional to the
square of its input voltage.  Working on the assumption that the Microinverter attempts to
draw as much current as it can, limiting the output current in this manner should both make
the Converter’s output power behave similar to a solar cell’s and make the Converter’s input
impedance match that of a 10 ohm resistor.
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Overall System Block Diagram
The overall system operates as shown in Figure 2.
Figure 2, Overall Block Diagram
Converter Block Diagram
The Converter operates as shown in Figure 3.
Figure 3, Converter Block Diagram
Elliptical DC-DC Enphase Power
Machine Converter Microinverter Grid
Unregulated Regulated Line Voltage
DC Power 36V Power AC Power
Input Voltage Input Power Rectifier Output Output Voltage
Filter Switch Filter
Internal PWM Voltage
Supply Controller Feedback
Current
Limit / OCP
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Design Schematics
See Appendix A for the schematic of the full original design.  See Appendix B for the
schematic of the final design.
Auxiliary Supply
Referring to the schematic of Figure 4, the Auxiliary Supply, which comprises the Internal
Supply Block, creates output voltages of +12V and -12V.  The analog multiplier chosen for use
in the current limiting circuitry, a TI MPY634 requires a split rail power supply.  TI
application note slva369 discusses a method to create a +/-12V supply using a TI TPS54160
integrated-switch buck converter and a coupled inductor.  Using the reference design of that
application note helped to develop the Auxiliary Supply. [4] Adding Q1 in series with the
input voltage provides transient high voltage protection on the input voltage as the
maximum input voltage rating of the TPS54160 is 60V.  Normally Q1 will operate in pinch-off
where VDS will equal the gate threshold voltage, providing minimal power loss.  VR2 clamps
the gate voltage of Q1 to 39V, so if the input voltage exceeds 39V, Q1 will act as a linear
regulator with an output voltage equal to 39V minus the gate threshold voltage.
Figure 4, Auxiliary Supply
(Note: NU denotes component not used)
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Power Stage
The Power Stage contains the Input Filter, Power Switch, Rectifier, and Output Filter blocks
for Figure 3.  As shown in Figure 5, the power inductor, chosen for being the largest surface
mount inductor in stock at Coilcraft, provides energy storage during Converter switching.
The power stage operates at a switching frequency of 300 kHz.  The 80uF of output
capacitance creates a low pass filter with the inductor having a corner frequency of roughly 4
kHz, but due to capacitive roll-off due to voltage applied to the dielectric material, the corner
frequency will likely be higher than 4kHz.  Not having any indication of the amount of ripple
that the Microinverter can tolerate, placing the corner two decades below the switching
frequency should provide adequately low ripple.  See Figure 6 and for a simulation of the
switching ripple.  MOSFET Q2 acts as the main power switch.  Q3 operates as a synchronous
rectifier.  Resistor R25, a 5 milliohm current sense resistor, develops a voltage for use in the
Current Limit Circuit.  The Buck-Boost topology creates an output voltage with an opposite
polarity to its input voltage which requires care in connecting the output voltage to the
Microinverter with correct polarity.  A previous senior project determined that the
Microinverter operated most efficiently with an input voltage of 36V. [1]
Figure 5, Power Stage
Time
1.89500ms 1.89600ms 1.89700ms 1.89800ms 1.89900ms 1.90000ms 1.90100ms 1.90200ms 1.90300ms 1.90400ms 1.90500ms 1.90599msV(C2:2)
-36.200V
-36.000V
-36.280V
-35.833V
Figure 6: Output Voltage Ripple Simulation showing 135mVpp Ripple at 5.6A Load
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Control and Feedback
The PWM Control and Voltage Feedback blocks of Figure 3 make up the Control and
Feedback circuits shown in Figures 7 and 8.  The selected PWM controller, a TI UCC35705,
uses voltage-mode control, chosen due its simplicity over current-mode control.  This
controller also receives output voltage feedback through the use of an opto-coupler. [5] This
provides a convenient method to feed back the sensed output voltage.  The output voltage
divides down through the resistor voltage divider in the Feedback circuit and feeds into a
TL431 regulator.  Once the input to the regulator reaches 2.5V, it begins to allow current to
flow into the opto-coupler which then reduces the voltage of the controller FB pin.
Capacitors C28, C29, and C30, along wit R17 and R20 provide frequency compensation to
ensure output voltage stability.
U3, T1, and T2 form the core of the power MOSFET gate-drive circuitry.  U3, a TI UCC27424,
buffers the PWM output signal to drive the transformers directly through AC coupling
capacitors.  Originally, the design had the secondary windings of the transformers directly
tied from gate to source of the MOSFETs, but this presented some problems such as the
MOSFET gate voltage at high PWM duty cycles.  The average voltage of the transformer
primaries must cancel out to 0V, which leads to the average positive voltage equaling the
average negative voltage, which means at high duty cycles, the positive voltage could reach
low enough levels to not turn on the MOSFETs.  Using TI app-note slup169 as a guide,
adding a clamping circuit consisting of an AC coupling capacitor in series with the
transformer secondaries and a diode clamp using back-to-back Zener diodes provides
adequate gate voltage for all duty cycle conditions. [6] The diodes clamp the negative gate to
source voltage to approximately -3.4V, and the positive voltage in turn becomes
approximately 14V for all duty cycle conditions.
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Figure 7, Control Circuit
Figure 8, Feedback Circuit
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Current Limit
This circuit, comprising the Current Limit / OCP block of Figure 3, shown in Figure 9
provides both overcurrent protection and the output current set point proportional to input
voltage squared.  As mentioned earlier, voltage develops across the current sense resistor
R25, which feeds into the current sense amplifier, a TI INA210 with voltage gain of 200.  U10,
R36, and R37 provide overcurrent protection with a nominal set point of 5.8A.  The output of
the current sense amplifier also feeds an error amplifier, a TI OPA140.  When the voltage to
the inverting input of U8 exceeds the reference voltage at the non-inverting input, the op-amp
begins to allow current to flow in the opto-coupler and reduce the voltage of the FB pin of the
controller.  The reference voltage comes from the output of the analog multiplier.  Resistors
R29 and R30 divide down the output voltage and feed into the inputs of the multiplier which
has a transfer function of Output = (X1 – X2) * (Y1-Y2) / 10. [7] Connecting inputs X2 and Y2
to ground and connecting X1 and Y1 to the voltage divider configures the multiplier to
perform the squaring function.  See Figure 10 for a simulation of the multiplier circuit
operation.
Figure 9, Current Limit Circuit
V_VIN
5V 10V 15V 20V 25V 30V 35V 40V 45V 50VV(MULTIPLIER_OUTPUT)
0V
2.0V
4.0V
6.0V
8.0V
Figure 10, Multiplier Output vs. Input Voltage Showing a Parabolic Relationship
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Printed Circuit Board
Figures 11 and 12 show the layers printed circuit board for the Converter.  The board uses
surface mount connectors to receive input power and provide output power.  High-current
nodes utilize large copper planes and the bottom layer consists mostly of a ground plane.
Thermal vias located around the power components provide a path for heat to reach the heat
sink attached to the bottom layer of the board.
Figure 11, Printed Circuit Board Top Layer
Figure 12, Printed Circuit Board Bottom Layer
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Design Modifications
Figure 13 shows a photograph of the Converter after implementing the design modifications.
After initial application of input power, the Converter would not produce any output voltage.
Troubleshooting the source of the problem found the gate-to-source voltage of the power
MOSFET reaching levels too low to turn the device on.  The maximum duty cycle output of
the controller output ended up being too high to allow the gate drive transformer enough
time to reset.  The UCC35705 Controller has a maximum duty cycle clamping feature, and
incorporating this feature into the design allowed the MOSFET gate voltage to reach normal
levels and allow the output voltage to turn on. [5]
The Converter had large shoot through currents between the main power MOSFET and the
synchronous rectification MOSFET caused by the MOSFETs having a turn-off delay time
longer than the turn-on delay time, allowing both MOSFETs to conduct at the same time.  The
solution to this problem involved removing the synchronous MOSFET entirely and replacing
it with a Shottky Diode.
The power MOSFET case would reach temperatures up to 105 degrees Celsius.  While this
put the junction temperature below the MOSFET's maximum temperature rating, it did not
have enough margin to be comfortable with running at that temperature. Changing to a
larger MOSFET with better thermal conductivity reduced the case temperature significantly.
Testing the output over all line and load conditions uncovered that the input current could
reach levels high enough to saturate the power inductor at low input voltage levels.  To
correct this problem, adding a current sense transformer in series with the power MOSFET
source and feeding a rectified voltage from that transformer into the ILIM pin, an overcurrent
protection feature of the UCC35705 keeps the input current limited to 15A, below the
inductor saturation current level. [5]
Figure 13, Photograph of Converter
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The output voltage would initially oscillate at a frequency of roughly 7kHz.  Bode plot
measurements of the feedback control loop revealed peaking around that frequency range as
seen in Figure 14, likely caused by resonance between the power inductor and the output
capacitors.  Reducing the feedback loop gain and adding an 80uF aluminum capacitor in
parallel with the ceramic output capacitors helped eliminate the oscillation.  See Figure 15 for
a Bode plot of the final feedback control loop design.
Figure 14, Initial Bode Plot Measurements
The measurement with lower gain shows the control loop with a 2A load on the
output, and the measurement with the higher gain peak shows the control loop
with a 3.5A load on the output, just below the load current where the converter
begins to oscillate.
Figure 15, Bode Plot of Final Control Loop Configuration at Full 5.6A Load
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Originally, the analog multiplier produced a constant 10V output voltage regardless of the
input voltage.  Investigation into the device datasheet found that the Z1 input should tie to its
output rather than connect to ground. [7] Changing the connection of the Z1 input corrected
this problem.  See Figure 16 for a comparison of the multiplier output voltage vs. Converter
input voltage with measurements taken by varying the input voltage and using a voltmeter
probe on the output of the analog multiplier.
Multiplier Output Voltage vs. Input Voltage
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Figure 16, Analog Multiplier Output Voltage vs. Converter Input Voltage
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Converter Standalone Tests
The Converter output voltage set point measures 35.5V.  The Converter outputs a maximum
current of 5.9A.  The maximum output current tracks the input voltage parabolically as seen
in Figure 17.  The full power efficiency measures 94.5% as seen in the efficiency curve of
Figure 18.
Maximum Output Current vs. Input Voltage
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Figure 17, Maximum Output Current vs. Input Voltage
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Figure 18, Efficiency vs. Output Current with 45V Input Voltage
25 of 39
System Integration
On Tuesday March 8, 2011, testing of the Converter in the elliptical machine took place with
the help of Nick Lovgren. See Figure 19 for a photograph of the test setup.  Removing the
voltage input to the machine's resistor coils and connecting them to the Converter input and
connecting the converter output to the resistor coils provided the test setup for system level
testing.  The output of the Converter turned on when the elliptical machine began producing
input voltage.  Maintaining constant rider speed and varying the resistance level setting of
the machine provided the method for characterizing system performance.  Everything
functioned as expected until the output power reached roughly 60W.  At this point, smoke
started emanating from the Converter and it ceased to produce any output voltage.
Suspecting that the power MOSFET had failed, removing it from the circuit board and testing
it standalone found no evidence that it had broken.  Continuing to troubleshoot the failure
found that one of the input capacitors had blown and had a DC resistance of 6 ohms.
Replacing this capacitor allowed the Converter to function normally.
Figure 19, Photograph of System Level Testing
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Speculation into the root cause of the failure identified three likely reasons for the failure.
One possibility, since the capacitor connects to the same circuit board copper plane as the
power MOSFET that the MOSFET heating up caused the capacitor to overheat because the
MOSFET can operate up to 175 degrees Celsius but the X5R dielectric capacitor can only
operate up to 85 degrees Celsius.  Adding a heat sink made of copper foil to this circuit board
plane helped to keep the MOSFET operating at even cooler temperatures.  Additionally,
changing to X7R dielectric capacitors rated up to 125 degrees Celsius provides more
temperature margin.  Another possibility, that switching current induced by Converter
operation could cause high capacitor ripple currents.  Adding another circuit to limit input
current proportionally to the input voltage ensures that the Converter only draws the
minimum amount of current necessary for normal operation.  The added circuit feeds a
voltage into the ILIM pin of the controller to sum with the current sense transformer output
to alter the maximum input current set point.
The last cause of capacitor failure identified involves the output voltage of the elliptical
machine.  The input voltage ripple could create large ripple currents in the capacitors.  Later
testing, suggested by Alvin Hilario, revealed that the elliptical machine voltage ripple exceeds
15V peak-to-peak at 30kHz when outputting 200W to its resistor coils.  Discussion among
peers concluded this as the most likely caused the failure.  Changing to the higher
temperature capacitors allows for more design margin, and adding a large value (2200uF)
aluminum electrolytic capacitor across the Converter input reduces the ripple voltage seen by
the Converter to below 1V peak-to-peak.
Conducting another set of system level tests on March 18, 2011 with help from Alvin Hilario,
Martin Kou, and Nick Lovgren revealed another issue.  If the elliptical machine operated at a
large power level, then if the rider abruptly stopped and started again, the voltage output
could spike up to 95V.  This spike blew out the power MOSFET.  Adding a small 100 ohm
pre-load to the elliptical machine output limited the output voltage spike to 60V, a voltage
level that the elliptical machine output could potentially reach under normal operation. This
creates an effective efficiency drop of 10%. A better solution, suggested by Alvin Hilario
would implement transient voltage suppression devices to control maximum input voltage
spikes without affecting normal operation.  Adding 65V transient voltage suppression diodes
across the input of the Converter successfully clamped the voltage to 65V max.  Additionally,
adding 7.5A fuses on both the input and output of the Converter provides another level of
protection for each of the Elliptical Machine, the Converter, and the Microinverter.
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Testing the system with the aforementioned changes in place provided more encouraging
results.  The Converter did not fail under any operating conditions.  See Table II for a
comparison of output power vs. elliptical machine resistance setting while maintaining a
constant speed of 120 strides per minute, and see Figure 20 for a comparison of output
current and input voltage when powered by the machine. Additionally, the rider claimed to
notice no difference in observed resistance when driving the Converter than when riding the
elliptical machine's stock configuration.
Resistance RPM VIN (V) IIN (A) VOUT (V) IOUT (A) PIN (W) POUT (W)
2 120 12.7 0.29 3.3 0.33 3.7 1.1
3 120 15.2 0.44 5.5 0.55 6.7 3.0
4 120 17 0.55 7.3 0.73 9.4 5.3
5 120 19.3 0.76 9.7 0.97 14.7 9.4
6 120 21.6 1.02 12.5 1.25 22.0 15.6
7 120 23.7 1.25 14.4 1.44 29.6 20.7
8 120 25 1.62 17.0 1.70 40.5 28.9
9 120 26.9 1.88 19.0 1.90 50.6 36.1
10 120 28.1 2.22 21.3 2.13 62.4 45.4
11 120 30 2.63 24.0 2.40 78.9 57.6
12 120 30.7 3.00 26.5 2.65 92.1 70.2
13 120 32.3 3.36 29.5 2.95 108.5 87.0
Table II, System Data With the Converter Powering the Resistor Coils
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Figure 20, Output Current vs. Input Voltage when powered by the elliptical machine
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Full system testing, conducted on April 8, 2011 with help from Alvin Hilario and Nick
Lovgren, revealed incompatibilities between the Converter and the Microinverter.  Previous
testing using the Elliptical Machine powering the Converter with the Converter loaded with a
10 ohm load proved successful in producing over 100 watts, however with the Converter
loaded with the Microinverter, the Microinverter only drew a maximum power level of 30W.
Tested in the same manner as when loaded with the resistor, the rider kept the pace at a
constant 120 strides per minute while increasing the resistance setting of the Elliptical
Machine, with results in Table III showing input and output voltages and currents of the
Converter.  See Figure 21 for a photograph of the test setup.
At low Elliptical Machine resistance levels up to level 7, the system performed as expected,
with the Microinverter drawing power from the Converter, and the rider reporting a normal
riding experience.  However, once the resistance reached level 8, the Microinverter
intermittently ceased to draw power from the Converter, and during these times when the
Microinverter would not draw power, the input voltage to the Converter reached up to 65
volts, the voltage level of the transient suppression diodes, and the rider experienced no
resistance from the machine.  Hypothesizing about why the Microinverter would not draw
any power, possibly the Microinverter cannot handle such a varying input power level from
fluctuations in the rider’s pace, and that power only gets generated on the rider’s down stride
which creates fluctuating power levels every rotation.  Incompatibilities between the
maximum-power-point tracking of the Microinverter and the current-limiting circuitry of the
Converter could also cause the observed results.
Resistance Input V (V) Input I (A) Input Power (W) Output V (V) Output I (A) Output Power (W) Converter Efficiency
2 7 0.7 4.9 28 0.015 0.4 8.57%
3 7.1 1.3 9.23 32.3 0.06 1.9 21.00%
4 7.5 1.7 12.75 29.7 0.2 5.9 46.59%
5 14 1.5 21 28.9 0.38 11.0 52.30%
6 15.6 1.8 28.08 35.1 0.6 21.1 75.00%
7 18.6 2.1 39.06 33.3 0.9 30.0 76.73%
8 50 0.4 20 34.1 0.5 17.1 85.25%
9 26 1.2 31.2 30.3 0.8 24.2 77.69%
10 54 0.31 16.74 32.6 0.4 13.0 77.90%
Table III, Full System Measurements
(Input Power from the Elliptical Machine to the Converter and Output Power from the
Converter to the Microinverter at a constant pace of 120 strides/min.)
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Figure 21, Photograph of Full System Test Setup
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Conclusions and Recommendations for Future Projects
Though the project did not live up to the goals of the effort, the Converter met its standalone
performance specifications and output up to 30W of power when installed in the full system
with the Elliptical Machine and Microinverter.  The solar cell emulation approach
successfully created a constant input resistance of 10 ohms, but the concept proved
incompatible with the maximum-power-point tracking algorithm of the Microinverter.  The
project, and other projects conducted by peers, did uncover many characteristics of the
Elliptical Machine and Microinverter that should help students with future projects.  A
different energy harvesting strategy might provide better results than using the
Microinverter.  Designing a DC/DC Converter that accepts power from the Elliptical
Machine and delivers power to charge a battery rather than use an inverter to directly deliver
power back into the grid may provide a better method for energy harvesting.
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Appendix A
Original Schematic
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Appendix B
Final Schematic
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Appendix C
Final Bill of Materials
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Table IV Shows the Final Bill of Materials for the Converter.  Acquiring many components as
free samples helped reduce actual material costs, but the listed costs reflect prices for a build
quantity of 10 Converters.
Component Value Manufacturer Package Cost Qty. Extended Cost
Resistor 10k Panasonic 0603 $0.04 4 $0.16
MOSFET BSC060N10NS3 Infineon TDSON-8 $3.27 1 $3.27
Zener 10V NXP SOD123 $0.42 1 $0.42
Zener 51V NXP SOD123 $0.42 1 $0.42
Capacitor 10uF Taiyo Yuden 1210 $0.81 19 $15.39
Buck Converter TPS54160 Texas Instruments MSOP-10 $2.30 1 $2.30
Capacitor 0.1uF Murata 0603 $0.02 10 $0.19
Schottky STPS1H100 ST Microelectronics SMA $0.50 5 $2.50
Resistor 1.18k Panasonic 0603 $0.04 1 $0.04
Resistor 402k Panasonic 0603 $0.04 1 $0.04
Resistor 29.4k Panasonic 0603 $0.04 2 $0.08
Resistor 1k Panasonic 0603 $0.04 2 $0.08
Coupled Inductor 150uH Coilcraft SMT $1.43 1 $1.43
Capacitor 22uF Taiyo Yuden 1210 $1.01 4 $4.04
Connector 43650-0412 Molex SMT $3.65 2 $7.30
Jumper RK73Z1JTTD KOA Speer 0603 $0.04 4 $0.16
MOSFET IPB200N15N3 Infineon TO263AB $2.46 1 $2.46
CS Transformer PA1005.070NLT Pulse Electronics SMT $2.21 1 $2.21
Resistor 2 ohm Panasonic 1206 $0.06 1 $0.06
Resistor 300 ohm Panasonic 1206 $0.06 2 $0.12
Inductor 22uH Coilcraft SMT $3.44 1 $3.44
Resistor 100k Panasonic 1206 $0.06 1 $0.06
Capacitor 330pF Murata 0603 $0.02 2 $0.04
Resistor 20k Panasonic 0603 $0.04 1 $0.04
Capacitor 0.01uF Murata 0603 $0.02 6 $0.11
Resistor 100 ohm Panasonic 0603 $0.04 4 $0.16
Analog Multiplier MPY634 Texas Instruments SOIC-16 $15.15 1 $15.15
Schottky 43CTQ100S Vishay TO263AB $2.43 1 $2.43
Capacitor 80uF Cornell Dubilier Axial $5.10 1 $5.10
CS Amplifier INA210 Texas Instruments SC70 $0.75 1 $0.75
Resistor 4.12k Panasonic 0603 $0.04 1 $0.04
Resistor 150k Panasonic 0603 $0.04 1 $0.04
Resistor 3.01k Panasonic 0603 $0.04 2 $0.08
Capacitor 1uF Murata 1206 $0.25 2 $0.50
Op Amp OPA140 Texas Instruments MSOP-8 $1.55 2 $3.10
Resistor 20.5k Panasonic 0603 $0.04 1 $0.04
PWM Controller UCC35705 Texas Instruments MSOP-8 $0.90 1 $0.90
Resistor 63.6k Panasonic 1206 $0.06 1 $0.06
Resistor 226k Panasonic 1206 $0.06 1 $0.06
Resistor 2k Panasonic 0603 $0.04 1 $0.04
Resistor 1k Panasonic 1206 $0.06 2 $0.12
Resistor 301k Panasonic 1206 $0.06 1 $0.06
Buffer UCC27424 Texas Instruments MSOP-8 $0.95 1 $0.95
Resistor 10 ohm Panasonic 1206 $0.06 1 $0.06
Resistor 24.9 ohm Panasonic 0603 $0.04 1 $0.04
Capacitor 0.47uF Murata 0603 $0.13 1 $0.13
Gate Drive XFMR DA2318-AL Coilcraft SMT $1.39 1 $1.39
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Resistor 2.4k Panasonic 1206 $0.06 1 $0.06
Zener 16V NXP SOD123 $0.42 1 $0.42
Zener 5.1V NXP SOD123 $0.42 1 $0.42
Resistor 75k Panasonic 0603 $0.04 1 $0.04
Resistor 133 ohm Panasonic 0603 $0.04 1 $0.04
Resistor 40.2k Panasonic 0603 $0.04 1 $0.04
Optocoupler 4N35SM Fairchild 6-DIP $0.58 1 $0.58
Capacitor .33uF Murata 0603 $0.11 1 $0.11
Capacitor 1000pF Murata 0603 $0.02 1 $0.02
Regulator TL431B Texas Instruments SOT23-3 $0.21 2 $0.42
Circuit Board 2 Layer FR-4 U. S. Circuit Custom $20.00 1 $20.00
Thermal Tape THERMATTACH Chomerics 3" x 4.5" $2.00 1 $2.00
Capacitor 2200uF Cornell Dubilier Radial $6.00 1 $6.00
TVS Diodes 65V Littlefuse Axial $1.00 2 $2.00
Fuses 7.5A Littlefuse Axial $1.00 2 $2.00
TOTAL $111.71
Table IV, Bill of Materials
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